Solute-solvent interactions were studied by a method based on laser induced optical birefringence in aqueous solutions. The paper reports results of the optical Kerr constant measurements for binary liquid mixtures of aqueous solution of methanol, ethanol, n-propanol and acetone at room temperature in a wide range of concentrations. At 50% concentration of the above mentioned alcohols, the temperature dependence of the laser induced optical birefringence was also measured in the range from 283 K to 315 K. These data together with the density and refractive index were used to calculate the optical and specific Kerr constants. Moreover, these data enabled the calculation of the anisotropic factors, optical anisotropy and orientation function of the substances studied.
Introduction
In a liquid placed in a uniform electric field the optical birefringence is induced which is known as the electric Kerr effect (EKE). Kerr constant, which describes microscopic properties of the medium, is considered as a very sensitive indicator of molecular associations in liquids and solutions. The properties of liquid mixtures have been investigated by many groups using different methods [1] . Patz and Rätzsch [2] , Pyzuk et al. [3] , the group working at the Kharkov Polytechnical Institute [4] and Piazza et al. [5] have measured electric Kerr constant for several binary liquid mixtures.
The use of water as a solvent for the measurement of electric Kerr effect possesses some problems. Firstly, an electric field of short duration has to be generated across a conducting solution by a well-defined high voltage. Secondly, there is a formidable task of analysing the Kerr effect data in terms of intrinsic molecular properties and specific solvent effects. These difficulties can be overcome by electrodeless application of the electric field to the medium, that is by using an electric field of optical frequency of a powerful laser beam. In that case optical birefringence (high frequency Kerr effect) takes place. This effect, which is also called optical Kerr effect (OKE), has been the subject of numerous theoretical and experimental studies in nanosecond [6] , picosecond [7] and femtosecond [8, 9] time domains. The concentration and temperature dependence of the optical Kerr effect in different solutions [10, 11] has been also studied. Particular attention has been paid to OKE in alcohols in nanosecond time domain. For all the alcohols studied, a linear relationship between the carbon chain length and optical Kerr constant was found [12, 13] . The results reported by Ho and Alfano [7] , who measured the picosecond optical Kerr response of five alcohols, could also be interpreted as supporting this finding. For longer chain alcohols they noted abnormally long relaxation times consistent with the reorientation phenomena involved.
OKE is interesting for a number of reasons. Firstly, it is a direct measure of the induced polarizability of molecules as the applied field frequency is too high for permanent dipolar mechanisms to participate. Knowledge of this polarizability leads directly to the details of the atomic bonding structure. Secondly, by inducing orientational order it offers a means of measuring fast relaxation processes as well as the size of small particles and molecules using fast switched laser pulses. Thirdly, OKE can be a potential mechanism for optically activated molecular switches. Moreover, the phenomenon is a third-order nonlinear optical effect and as such provides a method for measurement of the third-order nonlinear susceptibility (polarizability).
Moreover, the OKE method is particularly advantageous when compared with EKE studies of aqueous solutions because the application of electric field without electrodes eliminates many undesirable effects induced by the electric current flowing through aqueous solutions.
Optical birefringence "δn" induced in the medium by a strong optical field of amplitude "E" is defined as where Bo is the optical Kerr constant and a is the wavelength of the analysing beam.
From the Peterlin-Stuart theory, the specific Kerr constant Bsp of a solution affected by an electric field is given by the equation (14j: where n is the refractive index of the solute, g1 and g2 are the anisotropic factors along the parallel and perpendicular directions relative to the optical field; P and Q -orientation parameters; P = (μ/kT)2 and Q = (δα)/kT, f -orientation function; f = P + Q, (ba) -optical anisotropy, µ -effective induced dipole moment, k -Boltzmann constant, T -absolute temperature; also where co -permittivity of free space, v -partial volume.
At optical frequencies, the processes of permanent dipole orientation cannot take place and the term P of Eq. (2) is ineffective. Since the value of Bsp is known, the values of δg and other parameters could be calculated.
Molecular properties of the medium are described by the molar optical Kerr constant B m(λa, Ai), dependent on parameters characterizing the atoms, molecules and on the molecular mechanism of birefringence. In the case of dense media molar and optical Kerr constants are related as follows [151:
where n a and ni are refractive indices for the analysing and the inducing beam, respectively, M is the molecular weight of the sample under test, d -its density which equals M/VM, in which VM is the molar volume.
From the point of view of the molecular mechanisms which on the macroscopic scale lead to the appearance of the induced birefringence in the medium, the constant Bm may be written as a sum of three terms [15] :
where BmL is the nonlinear molar optical Kerr constant which describes the contribution to OKE due to deformation of the electron cloud of an atom or molecule in an optical field, BmRI represents the contribution to OKE due to the orientation of the molecules and BRED represents the redistribution of the atoms and molecules in the field. Given the above definitions of BmNL, BmRI and BmRED , Eq. (4) could be written [161:
where c is the mean nonlinear polarizability, NA is the Avogadro number, k is the Boltzmann constant, T -the absolute temperature, and r -the effective optical anisotropy characterizing the optical anisotropy of a molecule immersed in a liquid. Taking into account the properties of the molecules and their interactions, as well as the temperature dependence of the molar Kerr constants, Eq. (5) becomes where a = (4π/9)NAC and b = (4πNA/45k)Γ2(λa,, Ai). The constants a and b can be obtained from the dependence of Bm on the inverse temperature, hence the values of c and I"2 can be derived.
To the best of our knowledge, this is the first report on the concentration and temperature dependence of optically induced birefringence in aqueous solution of methanol, ethanol, n-propanol and acetone at the wavelength 488.0 nm. From these data, the anisotropic factors, optical anisotropy and orientation function were calculated.
Experimental setup
The setup for OKE measurements used in the experiment was constructed at our laboratory (Fig. 1) . OKE was induced with a beam of a ruby laser (Ai 694.3 nm) generating nanosecond pulses (τpulse = 10 ns, power 20 MW) and analysed with a beam of a continuously operating argon laser O a = 488.0 nm, about 100 mW in power). Both lasers worked in the fundamental mode (TEM 00) and in one (or at most two -in the case of the ruby laser) longitudinal mode. The longitudinal mode of the argon laser was selected by a Fabry-Pérot etalon made by C. Zeiss Jena, mounted in the optical resonator. For selection of modes of the ruby laser we used a special three-plate Fabry-Pérot etalon, designed and constructed in our laboratory, placed in the optical resonator (of about 30 cm in length) of the ruby laser. The temporal pulse profile of the inducing beam was nearly Gaussian. The linearly polarized laser beams propagated exactly coaxially in the liquids studied. The polarization of both beams was corrected with the help of Glan polarizers fixing an angle of 45° between their electric vectors at the input to the cuvette which provided the optimum geometry of measurement [17] . The power of the ruby laser beam was recorded by a calibrated fast photodiode BPDP-41. An analyser crossed with the polarizer of the analysing beam prevented this beam from falling into a M12FQ51 photomultiplier by which the effect was recorded. During the flash of the ruby laser the medium under investigation became optically birefringent. This means that a part of the analysing beam came through the analyser and as a consequence the photomultiplier recorded a pulse of the analysing beam proportional to the magnitude of the optically induced birefringence. Electric pulses from the photodiode and the photomultiplier (both working in their linear range) were simultaneously observed and recorded by an oscillograph S8-12A with a memory. The applied method of coincidence enhanced the sensitivity of the measuring system. After each series of measurement a calibration curve was taken with the help of 80 μ s pulses of the analysing beam modulated mechanically. This procedure gave the dependence of the height of the pulse on the oscilloscope screen on the angle 8 of rotation of the analyser which could be read out with an accuracy of 0.05° and which was a measure of the liauid's birefringence It is known that determination of the absolute value of the optical Kerr constant requires the knowledge of the power density of the inducing beam in the studied medium, which is necessary to calculate the intensity of the optical field. To be able to establish this power density, the space and time characteristics of the inducing laser emission must be found. This is not an easy task even when a laser works in the fundamental mode when the beam is Gaussian. Therefore most often relative measurements are performed assuming a certain liquid as a reference standard. As such a standard usually benzene is chosen for which there is a relatively large body of literature data. Consequently having assembled and adjusted the apparatus we performed scrupulous and precise measurements of the absolute Kerr constant values for benzene obtaining results which were in good agreement with the literature data. Moreover, we performed systematic studies for toluene and water which were also treated as reference standards in subsequent studies.
The Kerr cell consisted of a 5 cm long glass cuvette closed off with free birefringence optical windows. The temperature of the solution used was controlled by MLW-10U type ultrathermostat with an accuracy of ±0.1°C. The principle and details of the setup were published elsewhere [18] .
The spectrally or analytically pure liquids were produced by International Enzymes Limited. Different mixtures of organic solvents with double distilled water from 1-100 wt.% were prepared using an electric balance (Mettler H 80) with an accuracy ±0.1 mg.
Additionally (using a Pulfrich refractometer), measurements of the mixture refractive indices n; (for = 694.3 nm) and na (for )a = 488.0 nm) and density as functions of concentration and temperature were carried out.
Results and discussion
The work was undertaken to study the concentration and temperature dependences of the optical Kerr effect f f aqueous solutions of methanol, ethanol, n-propanol and acetone. As has been mentioned above, usually relative measurements of the optical Kerr constant are performed. In such a case the magnitude of the optical Kerr effect in the studied substances should be close to that of the reference standard, as only then the geometries of the measurements are comparable. Therefore measurements of the optical Kerr constant were performed relative to double-distilled water which was taken as a reference standard. The relative Kerr constant B, is given by the relation [171: where w and s refer to water and the solution, n; is the refractive index of the inducing beam while /3 are the angles of rotation of the analyser corresponding to the amplitudes of the OKE pulses induced by the laser beam of constant power, A is the apparatus constant. The value of Br for each point, as calculated by the least squares method, is a statistical mean of about thirty measurements. The error in determination of the values of Br was less than ±10%.
OKE measurements were performed using double-distilled water as the ref- Table I . Then the absolute value of the optical Kerr constant Bo as a function of concentration was calculated for all aqueous solutions and is also presented in Table I . Figure 2 shows the relation between the absolute value of optical Kerr constant and the volume fraction for aqueous solutions of methanol, ethanol, n-propanol and acetone. The specific Kerr constant Bsp was calculated from the slope of the straight lines in Fig. 2 . It can be seen that Bo values (Fig. 2) increase with increasing concentration of ethanol, n-propanol and acetone and decrease with increasing concentration of methanol. The values of Bo can be ordered as follows: methanol < water < ethanol < n-propanol < acetone. This order is consistent with the results of paper [11] and moreover with the orientation function f of these solutions as shown in Table II. This table includes also the partial volume of the solute, anisotropic factors, optical anisotropy and the orientation function which is calculated from Eq. (2) .
An analysis of the concentration dependences can lead to the conclusion that the anisotropic factor and optical anisotropy are independent of the partial volume of the molecules. As it is known, molecular associations in aqueous solutions occur due to hydrogen bonding interactions. This behaviour explains different rate of change of Bo values with concentration for that system. From our previous study it is well known [19] that molecular interactions decrease the value of the optical Kerr constant. Therefore one can conclude that molecular interactions in acetone solutions are evidently weaker than in the investigated solutions of alcohols. For methanol aqueous solutions the values of the anisotropic factor, optical anisotropy and orientation function were greater than for ethanol aqueous solutions. This fact can be explained by the ability of methanol to be associated with water via hydrogen bonds to a greater extent than ethanol. We also studied the temperature dependence of the optically induced birefringence for 50% concentration aqueous solution of ethanol, n-propanol and acetone in the temperature range from 283 K to 315 K. The heating system was thermostated with an accuracy of ±0.05 K, using a circulating ultrathermostat. The value of optical Kerr constant B and the refractive indices n a and ni were determined in the same temperature range from 283 K to 315 K (Table III) . Figure 3 presents changes of the optical Kerr constant with temperature for these aqueous solutions.
An analysis of the temperature dependence of the optical Kerr constant leads to the following conclusions:
-For ethanol and acetone (classified as dipolar aprotic liquids), when mixed with water (50% v/v of solute) the distribution of their molecules becomes less sensitive to the influence of optical field with increasing temperature due to the solute-solvent interactions. Accordingly, the Bo values changed linearly with temperature as shown in Fig. 3 which agrees with the theoretical predictions.
-Different behaviour of the temperature dependence of optically induced birefringence in the case of n-propanol aqueous solution can be explained by the cooperative nature of n-propanol molecules interactions. The strength of these cooperative interactions decreases with increasing temperature. In this system this process compensates the destructive temperature influence on the optical Kerr effect.
